The cross-talk between ovarian cancer (OvCa) cells and the metastatic microenvironment is an essential determinant of successful colonization. MicroRNAs (miRNAs) have several critical roles during metastasis; however, the role of microenvironmental cues in the regulation of miRNAs in metastasizing cancer cells has not been studied. Using a three-dimensional culture model that mimics the human omentum, one of the principal sites of OvCa metastasis, we identified and characterized the microenvironment-induced downregulation of a tumor suppressor miRNA, miR-193b, in metastasizing OvCa cells. The direct interaction of the OvCa cells with mesothelial cells, which cover the surface of the omentum, caused a DNA methyltransferase 1-mediated decrease in the expression of miR-193b in the cancer cells. The reduction in miR-193b enabled the metastasizing cancer cells to invade and proliferate into human omental pieces ex vivo and into the omentum of a mouse xenograft model of OvCa metastasis. The functional effects of miR-193b were mediated, in large part, by the concomitant increased expression of its target, urokinase-type plasminogen activator, a known tumor-associated protease. These findings link paracrine signals from the microenvironment to the regulation of a key miRNA in cancer cells. Targeting miR-193b, which is essential for metastatic colonization of cancer cells could prove effective in the treatment of OvCa metastasis.
INTRODUCTION
Ovarian cancer (OvCa) rarely metastasizes hematogenously, and is generally confined to the peritoneal cavity. 1, 2 The cancer cells exfoliate from the primary tumor and are carried around the peritoneal cavity by the peritoneal fluid. One of the predominant sites of metastasis is the omentum, which is a large adipose-rich fold of the peritoneum that covers the bowels. 3 The key and ratelimiting step for successful metastasis is the colonization of the metastatic organs following attachment of cancer cells. 4, 5 Most of our current knowledge of OvCa metastasis is derived from comparisons of the factors expressed in metastatic tumors with those in the primary tumor. Therefore, the regulation of the steps involved as the cancer cells spread from the primary tumor to the distant metastatic site is not well understood. microRNAs (miRNA) have well-known pleiotropic effects in cancer 6 and a specific role in metastasis, which has recently begun to be explored (reviewed in 7 ). In particular, studies have investigated the role of miRNAs in the regulation of processes that aid metastasis: miR-10b, miR-373 and miR-520c have been shown to promote invasion; 8, 9 miR-374a, miR-200 and miR-22 to induce EMT; 10, 11 and miR-126 was found to increase angiogenesis. 12 Recent reports have demonstrated that miRNAs are regulated by the cellular microenvironment. 13, 14 However, it is not yet clear whether miRNA changes in cancer cells that contribute to the initial colonization of distant metastatic sites arise independently, or if they are dependent on microenvironmental cues.
Given the bidirectional communication between the tumormicroenvironment and cancer cells, 15 we reasoned that mesothelial cells, the first cell type an OvCa cell encounters when metastasizing to tissues in the peritoneal cavity, could affect miRNA expression in OvCa cells. Using an organotypic three-dimensional (3D) culture model that mimics the surface of the human peritoneum and omentum, 16 we examined how miRNAs regulate OvCa metastatic colonization. We report here that the most downregulated miRNA, miR-193b, has a role in promoting omental colonization through the upregulation of its target urokinase (uPA) and that miR-193b is epigenetically repressed in cancer cells through their interactions with the mesothelial cells covering the surface of the omentum. RESULTS miR-193b is the most downregulated miRNA in colonizing OvCa cells An in vitro organotypic 3D culture system that mimics the surface of the human omentum was used to identify miRNAs that could potentially regulate early metastatic colonization. 16 The 3D culture system was assembled by seeding a confluent monolayer of human primary mesothelial cells (HPMC) over a layer of collagen I and normal omental fibroblasts. HeyA8 OvCa cells stably expressing green fluorescent protein (HeyA8GFP) were added to the 3D culture and sorted after 2 days by fluorescence activated cell sorting ( Figure 1a) . A miRNA array analysis was performed to compare miRNA expression levels of OvCa cells seeded on the 3D culture with those seeded on plastic ( Figure 1a ). As most miRNAs are globally downregulated in OvCa, 17 we focused on miRNAs whose expression was further decreased in cancer cells when seeded on the 3D culture. The most downregulated miRNA was miR-193b ( Figure 1b) . As mesothelial cells cover the surface of the entire abdominal cavity, including the omentum, and are the first cell type with which OvCa cancer cells interact as they metastasize, 18, 19 OvCa cells were seeded on a confluent monolayer of HPMCs and miRNA expression profiling was repeated (Supplementary Figure 1) . Again, miR-193b was one of the five most downregulated miRNAs in HeyA8 cells seeded on HPMCs (Supplementary Table 1 ). These results were confirmed by quantitative reverse transcription-PCR for miR-193b in two OvCa cell lines seeded on the 3D culture or on HPMCs (Figure 1c) . A similar decrease in the expression of miR-193b was also seen in primary OvCa cells obtained from patient ascites and in RKO1 colon cancer cells when seeded on the 3D culture ( Supplementary  Figures 2a and c) . To approximate the in vivo situation encountered by OvCa cells more closely, cells were seeded on pieces of full human omentum and cultured ex vivo for up to 7 days (Figure 1d ). At each time point, the cancer cells were isolated by enzymatic digestion followed by fluorescence activated cell sorting to separate the fluorescently labeled OvCa cells. Quantitative real-time PCR (qPCR) for miR-193b showed that miR-193b was decreased in HeyA8 cells colonizing the omentum for 2 and 7 days (Figure 1d ), suggesting that the decrease was an early but sustained response to interactions with the microenvironment. We also compared the miR-193b expression levels in omental metastasis and the adjacent normal omentum in seven high-grade serous OvCa patients. miR-193b expression was significantly decreased in the metastatic tumors ( Figure 1e ). As adipocytes are a major constituent of the omentum, their effect on miR-193b expression in OvCa cells was tested by co-culturing Skov3ip1 cells with adipocytes isolated from human omentum. Co-culture with adipocytes had no effect on Skov3ip1 miR-193b expression (Supplementary Figure 2b) . Figures 4e and f) . To more realistically mimic the in vivo scenario found in patients, the role of miR-193b in cancer cells colonizing human omentum pieces ex vivo was investigated. HeyA8GFP cells stably expressing miR-193b were seeded on pieces of normal omentum in culture dishes and allowed to grow for 7 days (as described in Figure 1d ). The GFP-expressing cancer cells growing on the omentum were imaged with a fluorescent microscope, digested, and cancer cell growth was quantified by measuring fluorescence. Fluorescent imaging and hematoxylin and eosin staining showed a decrease in the growth of the HeyA8 cells that stably expressed miR-193b, as compared with control vector (Figure 3a) . To test the effect of the overexpression of miR-193b in vivo, an orthotopic xenograft mouse model of OvCa metastasis was used. This model recapitulates the pattern of human OvCa metastasis, as evidenced by disseminated nodules on the peritoneum and omental metastasis. 20, 21 HeyA8 cells, stably expressing either miR-193b or the control vector, were injected intraperitoneally into female nude mice. Stable overexpression of miR-193b (Supplementary Figure 5) decreased tumor burden by 450% in the mice (Figure 3b ). This decrease was paralleled by a significant reduction of proliferation in the miR-193b overexpressing tumors (Ki-67 staining). The miR-193b tumors also had a greater rate of apoptosis, as evidenced by increased staining of cleaved caspase 3 in tumor sections (Figure 3b ). To determine the effect of miR-193b inhibition, HeyA8 cells stably expressing miR-Zip-193b, an inhibitor of miR-193b, or control vector, were injected intraperitoneally in female nude mice (Figure 3c ). Inhibition of miR-193b resulted in a 1.6 fold increase in tumor weight, indicating that the decreased miR-193b activity promoted metastasis in vivo.
miR-193b is regulated by promoter hypermethylation during colonization miRNAs are transcribed and subsequently undergo sequential nucleolytic processing in the nucleus and in the cytoplasm. 22 The miR-193b downregulation in the colonizing cancer cells could be due to decreased transcription or changes in post-transcriptional processing. To understand the effect of the microenvironment on miR-193b regulation, HeyA8 cells were grown on the 3D culture for 48 h, RNA was extracted and primary miR-193b (pri-miR-193b) levels were analyzed by Northern Blot. Figure 4a shows that primiR-193b was transcriptionally downregulated when the OvCa cells were seeded on the 3D culture. We tested the possibility that miR-193b was downregulated in OvCa through promoter hypermethylation induced by the interaction of OvCa cells with the microenvironment. Treatment of HeyA8 cells with the DNA methyltransferase (DNMT) inhibitor, 5-aza-2'deoxycytidine (decitabine), led to re-expression of miR-193b when OvCa cells were seeded either on HPMCs or on the 3D culture (Figure 4b ), suggesting that miR-193b was downregulated by mesothelial cellinduced promoter hypermethylation. Expression of the three DNMT isoforms 23 was characterized, using qPCR, in HeyA8 cells seeded on the 3D culture and on mesothelial cells. Only DNMT1 expression showed a statistically significant increase in both the miR-193b regulates the expression of uPA We next endeavored to determine which target proteins are activated when miR-193b is downregulated during early metastasis. We first considered the urokinase-plasminogen activator (uPA) because (1) we and others had previously identified uPA as a critical factor in the metastatic spread and progression of OvCa 24, 25 and (2) uPA is a predicted miR-193b target by miRNA target prediction algorithms (TargetScan and microRNA.org/miRanda). uPA is a secreted serine protease, which is upregulated in OvCa 25, 26 and has a role in enhancing the proliferation, migration and adhesion of cancer cells. 27 When HeyA8 or Skov3ip1 OvCa cells were seeded on the 3D culture, uPA protein expression was induced (Figure 5a ). The overexpression of miR-193b in HeyA8 cells inhibited uPA protein expression, whereas inhibition of miR-193b resulted in an increase in uPA expression (Figure 5b and Supplementary  Figure 8a ), confirming that uPA is regulated by miR-193b in OvCa cells. To investigate the direct binding of miR-193b to its seed sequence in uPA 3′-untranslated region (UTR), we used wild-type and miR-193b seed match-mutated human uPA 3′-UTR constructs in a 3′-UTR luciferase reporter assay (Supplementary Figure 8b) . Transfection of the wild-type construct along with miR-193b inhibited luciferase activity, whereas no inhibition was observed for the mutated uPA 3′-UTR, indicating direct targeting of uPA by miR-193b (Figure 5c ). Subsequently, we investigated miR-193b promotes early ovarian cancer metastasis AK Mitra et al the possible role of uPA in mediating the functional effects of miR-193b in OvCa metastasis. HeyA8 cells were transfected with uPA siRNA (Supplementary Figure 7b) and the effect of uPA knockdown was studied. Silencing uPA in HeyA8 cells resulted in decreased colony formation (Figure 5d ), transwell migration ( Figure 5e ) and invasion through the 3D culture (Figure 5f ). It did not, however, have a significant effect on adhesion to the 3D culture (Figure 5g ). These results indicate that blocking uPA mimics most of the effects of miR-193b overexpression. We therefore reasoned that silencing uPA should abrogate most of the pro-tumorigenic effects of miR-193b inhibition. To this end, HeyA8 cells were transfected with either anti-miR-193b or uPA siRNA, or with both. Figure 5h shows that co-transfection of uPA siRNA with anti-miR-193b abrogated the increase in migration owing to miR-193b inhibition, suggesting that uPA is a mediator of the effects of miR-193b downregulation. miR-193b promotes early ovarian cancer metastasis AK Mitra et al DISCUSSION miRNAs have been reported to have a role in the regulation of metastasis: miR-373 and miR-520c were identified as metastasis promoters by a genetic screen used to detect miRNAs that aid in the migration and invasion of breast cancer cells in vivo. 9 The downregulation of miR-31 was also found to promote metastasis through the simultaneous induction of several metastasispromoting targets. 28 Whether colonization of the distant organ, which is a first and critical step in successful metastasis, 4, 29, 30 is regulated by miRNA(s) has not been previously explored because of a lack of suitable experimental models. To dissect out the early events in the process of colonization during OvCa metastasis, we used an organotypic 3D culture system that closely mimics the surface of the human omentum (reviewed by White et al. 31 ). By using an unbiased miRNA array approach, we identified miR-193b as the most downregulated miRNA in colonizing OvCa cells. miR-193b has been previously reported to act as a tumor suppressor in prostate cancer, acute myeloid leukemia and hepatocellular carcinoma. [32] [33] [34] Furthermore, a decrease in miR-193b has been found to promote breast cancer tumor progression through an increased expression of urokinase. 35 We have demonstrated, using a variety of models, that a reduction in miR-193b expression in cancer cells facilitates the early steps of OvCa metastasis, whereas miR-193b overexpression curtails metastatic functions. We now provide the first report that the mesothelial cell-mediated repression of miR-193b is critical for OvCa metastatic colonization and the subsequent early invasion of OvCa cells into the omentum (Figure 5i ). All OvCa cell lines examined, as well as short-term cultures of primary OvCa cells isolated from the ascites of patients with OvCa, and colon cancer cells showed decreased miR-193b expression when seeded on the 3D organotypic culture. Furthermore, miR-193b expression was found to be lower in the omental metastasis than in the adjacent normal omentum of patients with high-grade serous OvCa, indicating that the metastatic process results in a sustained decrease in miR-193b expression. This was confirmed with a novel assay in which OvCa cells were seeded on organ cultures of full human omentum ex vivo. In this experiment, a decrease in miR-193b was maintained 7 days after the cancer cells were seeded, demonstrating that it is a sustained effect and not just an acute response. That this downregulation of miR-193b in OvCa cells is dependent on contact with mesothelial cells is supported by our co-culture experiments of OvCa cells with the 3D culture or mesothelial cells. Although the omental microenvironment harbors other cell types, most notably adipocytes and fibrobasts, further experiments demonstrated that neither adipocytes nor fibroblasts significantly affected miR-193b expression in OvCa cells. Although the co-culture of cancer cells with adipocytes was planned with the smallest amount of media allowing the different cell types to touch, the buoyant adipocytes might not completely replicate the more intimate cell-cell interactions in vivo. Therefore, we do not rule out the possible contribution of omental adipocytes to the miR-193b downregulation in the metastasizing cancer cells. Mesothelial cells, however, induced downregulation of miR-193b in the cancer cells, resulting in a pronounced increase in biologic effects that include important first steps of abdominal metastasis; adhesion, invasion, migration and colony formation. Conditioned medium from mesothelial cells did not alter miR-193b expression in the cancer cells (data not shown), indicating that juxtacrine interactions are probably involved in miR-193b promotes early ovarian cancer metastasis AK Mitra et al the cross-talk between OvCa and mesothelial cells. To the best of our knowledge, this is the first report showing that mesothelial cells directly regulate miRNA expression in cancer cells. The sustained downregulation of miR-193b in OvCa cells, even after a short interaction with mesothelial cells, suggested a possible epigenetic regulation of miR-193b. Significantly, it has been demonstrated that miR-193b is downregulated in prostate cancer cells via hypermethylation of CpG islands in its promoter. 32 We found that pre-treatment of HeyA8 cells with the DNMT inhibitor, decitabine, completely abrogated a decrease in miR-193b when the cancer cells were seeded on the 3D culture or on mesothelial cells. Our data further revealed that DNMT1 repressed miR-193b in OvCa cells cultured on mesothelial cells. Silencing DNMT1 in HeyA8 cells could abrogate the effects of miR-193b inhibition on their migration as well as proliferation, indicating a role for DNMT1 in miR-193b regulation. This is consistent with recent data showing that DNMTs are overexpressed in OvCa and regulated by activated EGFR. 36, 37 Moreover, HeyA8 OvCa cells have a three fold higher expression of DNMT1 when compared with normal ovarian surface epithelial cells. 38 Although DNMT1 has a preference for hemi-methylated DNA, it can also act as a de novo methyltransferase, as it has greater specific activity than DNMT3A and DNMT3B. 23 The pro-colonizing effect of miR-193b loss is mediated, at least in part, by regulation of the serine protease uPA, consistent with reports that miR-193b directly targets uPA in breast and prostate cancer cells. 35, 39, 40 Urokinase has been shown to promote lung cancer cell invasion through the recruitment of integrins and extracellular matrix proteins into the uPA/uPA receptor complex. 41 In OvCa, uPA expression in serum or ascites is correlated with an adverse prognosis and inhibition of uPA by antibodies, siRNA or antisense oligonucleotides reduced metastasis in several preclinical models. 42, 43 Given that uPA mediates key tumor functions, the upregulation of uPA as a consequence of miR-193b downregulation during early metastasis is consistent with the identification of miR-193b as a tumor suppressor. Taken together, the data are consistent with a model in which mesothelial cell-induced downregulation of miR-193b facilitates metastatic colonization of OvCa cells through the increased expression of its target, uPA (Figure 5i ). These findings support the recent concept that the microenvironment is recruited by tumor cells to support critical functions required for metastasis. 14, 44 
MATERIALS AND METHODS Reagents
Trypsin, Dulbecco's Modified Eagle Medium (DMEM), minimal essential medium vitamins, minimal essential medium nonessential amino acids and Penicillin-Streptomycin were purchased from Media Tech (Manassas, VA, USA). TaqMan miRNA assay for hsa-miR-193b was obtained from Applied Biosystems (Foster City, CA, USA). Pre-miR-193b, and scrambled pre-miRnegative control were from Ambion (Austin, TX, USA), miRCURY LNA antimiR-193b and scrambled anti-miR-negative control were from Exiqon (Vedbaek, Denmark). The lentivirus vector expressing copepod (c) GFP (CD511B-1) and pre-miR-193b, miR-Zip-193b miRNA inhibitor vector, the control vectors and the lentivirus packaging kit (LV500A-1) were purchased from System Biosciences (Mountain View, CA, USA). The DNMT inhibitor 5-Aza-2′-deoxycytidine (decitabine) was purchased from Sigma-Aldrich, St. Louis, MO, USA (Cat# A3656). The siRNA's used were Dharmacon (Lafayette, CO, USA) SMARTpool siRNAs: DNMT1 siRNA M-004605-01 and siGENOME PLAU siRNA M-006000-02.
Cell lines
The human OvCa cell lines Skov3ip1 (first described by Janet Price 45 ) and HeyA8 were from Gordon B Mills (MD Anderson Cancer Center, Houston, TX, USA). Human OvCa cell lines HeyA8, Skov3ip1 and ES2 were validated by short tandem repeat DNA fingerprinting using the AmpFℓSTR Identifier kit (Applied Biosystems) and compared with known American Type Culture Collection fingerprints, the Cell Line Integrated Molecular Authentication database and the University of Texas MD Anderson Cancer Center fingerprint database.
Isolation and culture of primary cells and assembly of the 3D culture HPMC and normal omental fibroblasts were isolated as described previously 16 from omentum obtained from female patients undergoing surgery for benign conditions at the University of Chicago. The primary cells were grown in DMEM with 10% fetal bovine serum. HPMCs were used for experiments between passages 1 and 2, whereas normal omental fibroblasts were used between 2 and 5. The 3D omental culture was assembled in 10 cm culture dishes by first seeding 360 000 normal omental fibroblasts along with 91 μg of Collagen Type I (Rat tail, BD Cat#354236) in DMEM. After attachment, 3.6 × 10 6 HPMCs were seeded on top to form a confluent monolayer and the 3D culture was used 24 h later for experiments to investigate the initial events of colonization. GFPexpressing OvCa cells (1 × 10 6 ) were seeded on the 3D culture and allowed to grow for 2 days. Cells were trypsinized and fluorescent cancer cells were isolated by fluorescence activated cell sorting and used for RNA/protein isolation. The human omental adipocytes were isolated and co-cultured with OvCa cells, as described previously. 46 In brief, Skov3ip1 cells (1 × 10 6 ) were seeded in 60 mm dishes, incubated for 18-24 h, washed twice with phosphate-buffered saline and 2.1 ml of DMEM/F12 media (1:1 ratio, containing 0.1% Fraction V, fatty-acid-free bovine serum albumin) was added. In total, 700 μl (packed cell volume) of adipocytes was overlaid onto the Skov3ip1 cells, and co-cultured for 8 h. Adipocytes were removed by aspiration and Skov3ip1 cells were washed 3-5 times with phosphatebuffered saline. RNA was isolated using TRIzol Reagent (Life Technologies, Grand Island, NY, USA) and used for miR-193b qPCR. This research was approved by the Institutional Regulatory Board of the University of Chicago. To set up the 3D culture in transwell inserts or 96-well plates, the number of cells and the amount of collagen were proportionately reduced according to the growth surface area.
Omental metastasis and adjacent normal omentum samples RNA was extracted from paired, fresh frozen samples of omental metastasis and adjacent normal omentum, obtained from seven highgrade serous OvCa patients. In brief, tissue was homogenized using the TissueRuptor (Qiagen, Valencia, CA, USA) and total RNA was extracted using the miRNeasy kit (Qiagen) according to the manufacturer's instructions. The miR-193b expression levels in these samples were assayed by quantitative reverse transcription-PCR using a TaqMan assay (Applied Biosystems, Grand Island, NY, USA). miRNA array Total RNA was isolated using the miRNeasy mini kit (Qiagen) according to the manufacturer's protocol and submitted to Exiqon for miRNA profiling using the miRCURY LNA array (v.10.0). First, all miRNAs that were not significantly expressed were eliminated. Thereafter, only those miRNAs with P-values ⩽ 0.05 for HeyA8 cells seeded on 3D culture versus plastic were included in the analysis and were ranked according to the fold change in expression.
Real-time PCR qPCR for miR-193b was performed using TaqMan miRNA assay kit according to the manufacturer's protocol on the Prism7500 TaqMan qPCR machine (Applied Biosystems) with U6 or RNU48 as endogenous controls. Similarly, qPCR for uPA, DNMT1, DNMT3A and DNMT3B were carried out using TaqMan gene expression assay (Applied Biosystems) using GAPDH as an endogenous control.
Northern blotting
Total RNA (30 μg) was separated by 1% agarose formaldehyde gel electrophoresis and transferred overnight to a nylon membrane (Hybond-N, GE Healthcare, Pittsburgh, PA, USA) by the capillary method. RNA was cross-linked to the membrane with UV and hybridized to 0.1 nM double-DIG labeled antisense miRCURY LNA probes against miR-193b (Exiqon, Vedbaek, Denmark). The membrane was probed with anti-DIG AP antibody (Roche, Cat#11093274910) and detected using chemiluminescence (Roche CDP-Star, Cat# 12041677001), which was imaged using a Syngene G:Box imaging system. miR-193b promotes early ovarian cancer metastasis AK Mitra et al Ex vivo culture of human omentum Omental tissue, obtained from female patients undergoing surgery for benign conditions, was cut into pieces weighing 300 mg and cultured in DMEM containing 10% fetal bovine serum in six-well dishes. GFP-expressing HeyA8 cells were added to the omentum pieces and allowed to colonize for up to 7 days. Medium was changed every day. At the end point, the cancer cells colonizing the omentum were imaged with an Axio-observer A1 fluorescent microscope using 1.25x objective (Carl Zeiss, Thornwood, NY, USA). Thereafter, the omentum pieces were digested with Liberase (Roche) and the cancer cell growth was quantified by measuring their fluorescence in a plate reader (Synergy HT, BioTek, Winooski, VT, USA), or cancer cells were isolated by fluorescence activated cell sorting for miR-193b qPCR.
Mouse orthotopic xenograft model of OvCa metastasis
The xenograft model was described previously. 20 In brief, 1 × 10 6 HeyA8 cells either stably expressing miR-193b, miR-Zip-193b miR-193b inhibitor, or the respective control vectors were injected intraperitoneally into 6-week-old, female, athymic nude mice (10 mice/group). Mice were euthanized 15 days after infection and the tumors were surgically resected and weighed.
Transient transfection
OvCa cells were transfected 14 with 30 nM pre-miR-193b, scrambled control oligo (Ambion), 30 nM miRCURY LNA anti-miR-193b or scrambled control LNA oligo (Exiqon) using siPORT NeoFX (Ambion). The cells were used for experiments 48 h after transfection or as indicated.
Migration
Transwell migration assays were conducted using 8 μm pore size inserts (BD, Falcon, San Jose, CA, USA). GFP-expressing OvCa cells transfected with pre-or anti-miR-193b were added to the upper chamber in 200 μl DMEM and allowed to migrate for 3 h at 37°C. DMEM with 10% fetal bovine serum was used as a chemoattractant in the lower chamber. Cells were fixed in 4% paraformaldehyde and imaged (five fields/insert) using an Axioobserver A1 fluorescent microscope (Carl Zeiss, Pleasanton, CA, USA).
Colony formation
OvCa cells were seeded in 6-well plates (HeyA8, 500 cells/well; Skov3ip1, 2000 cells/well) and allowed to form colonies. Once visible colonies were formed (HeyA8, 2 weeks; Skov3ip1, 3 weeks), they were fixed with 4% paraformaldehyde and stained with 0.005% crystal violet and were imaged using a Syngene G:Box imaging system, and the number of colonies/well were counted.
Invasion through 3D culture Cellular invasion through the surface of the omentum was assayed in vitro by first assembling the 3D culture on 8 μm pore size Fluoroblock transwell inserts in 24-well plates. GFP-expressing OvCa cells were then seeded on the 3D culture in the transwell insert in 200 μl serum-free DMEM. DMEM with 10% fetal bovine serum served as a chemoattractant in the lower chamber. Cells were allowed to invade for 16 h and then were fixed with 4% paraformaldehyde. The fluorescent cancer cells that had invaded were imaged (five fields/insert) using an Axio-observer A1 fluorescent microscope (Carl Zeiss, Pleasanton, CA, USA).
Adhesion to 3D culture Cellular adhesion to the surface of the omentum was assayed in vitro by first assembling the 3D culture in dark 96-well plates with clear bottoms. OvCa cells expressing GFP were seeded on the 3D culture and allowed to adhere for 1 h. Total fluorescence in each well was measured using a Synergy HT plate reader (BioTek) (excitation, 490 nm; emission, 520 nm) and then the wells were washed three times with phosphate-buffered saline before the fluorescence of the adherent cells was measured again. Adherent cells were quantified by normalizing their fluorescence to the total fluorescence.
Immunohistochemistry

